The present study discusses new research on the analysis of a portrait of a male figure discovered under the painting of Ecce Homo, attributed to the studio of Titian (ca. 1488Titian (ca. -1576, with an estimated date in the 1550s. The portrait was examined with non-invasive methods: X-ray radiography (XRR), digital microscopy and micro-XRF. The examination of XRR images exposed the details of the painting's underlying depiction, which according to the details preserved appears to be a completed or nearly finished portrait of a standing man. The application of digital microscopy on the Ecce Homo painting's cracks enabled the identification of the work's stratigraphy. Micro-XRF performed on selected spots allowed to identify lead white, vermilion, red iron oxide, umber, carbon black and copper green in the underlying portrait. The described investigation methodology was guided by the close visual analysis of the Ecce Homo work and proved to be effective in the identification of the pigments of the hidden painting and the reconstruction of its colour palette.
Introduction
The reuse and repainting of canvases was a common practice in artists' workshops. Artists often recycled these materials for various reasons such as unsuccessful compositions, unpaid commissioned paintings or unsatisfied clients. The number of discoveries related to reused canvases hiding unknown preparatory drawings or even finished paintings under later applied compositions is constantly growing [1] [2] [3] [4] [5] . This is mainly due to non-invasive imaging methods that are now at the disposal of scientists and are capable of reading the hidden compositions. Among these, X-ray radiography (XRR) and infrared reflectography (IRR) are the most conventional techniques for the identification and study of underlying paintings [6, 7] . These are fast and straightforward methods able to image hidden compositions, provided that X-ray or IR opaque materials are present in the pictorial layers. However, the reading of XRR and IRR images might be complicated as the images result from overlap of all the pictorial layers. The recently introduced terahertz (THz) imaging technique overcomes this obstacle by yielding a 3D structure. Being a complementary technique to XRR and IR, in terms of pigment identification, THz imaging also allows the collection of data on the thickness of various pictorial layers [8, 9] . Another important method for the study of hidden paintings is neutron activation autoradiography (NAAR), which allows the identification of a wide range of pigments [10] . Nonetheless, apart from the use of radioactive sources, NAAR's significant disadvantage is the absence of portable devices requiring transportation of the analysed paintings to the dedicated laboratory. Providing additional research tools to address the challenges presented in the study of paintings hidden under later pictorial compositions, the scanner X-ray fluorescence (XRF) technique has the potential to not only reveal contours of underlying works, but also to yield maps of elemental distribution, thus, suggesting the presence of certain pigments [11] [12] [13] [14] [15] [16] . The above described techniques are powerful tools, which are rapidly developing and conquering the field of the heritage science. However, there are only a few laboratories, which are able to afford and support the development of such advanced infrastructure. Thus, the technical examination of works of art and hidden paintings in particular, has become a challenge for laboratories with limited scientific facilities. In the present study, we propose a multi-technique approach based on the integration of XRR as the first step in the delineation of the contours of hidden compositions, digital microscopy for the examination of painting stratigraphy and micro-XRF for pigment identification. The aim of the study is to reveal the potential of the proposed approach in the identification of the compositional elements and the pigments of hidden paintings.
Open Access
The analysed case study is the painting of Ecce Homo (Fig. 1a , oil on canvas, 94 × 107.5 cm), attributed to Titian's studio with a suggested date in the 1550s [17] . The work depicts the theme of Ecce Homo ("behold the man"), a topic explored by Titian in the later phase of his artistic career in a series of paintings [18, 19] ; at least five other known works are now kept in Saint Louis, Dresden, The Prado, Munich and Hampton Court. The work, also identified as "Christ mocked", provides a close up view of the meeting of Pontius Pilate and Christ, a compositional perspective that departs from other versions of the topic featuring more distant views of the event such as his 1543 work, now at the Kunsthistorisches Museum in Vienna. In the examined work, the central figure of Christ is depicted naked, bound and crowned with a wreath of thorns. Standing along his left side is Pilate, dressed in a lavish costume and wearing an elaborate turban-like headpiece. He is raising his left hand with an open palm, a gesture of self-exoneration that resonates with the biblical narrative of the depicted scene. To the right of Christ's figure stands a youth, presumably a boy. He is wearing a bright blue headscarf, while a bright red earing adorns his right ear. The youth is holding the rope bounding Christ's hands. Behind this figure and over Christ's right shoulder is the head of another participant, seemingly a man holding a pole with a lighting device in the form of a brazier containing bright red coals.
Prior to its acquisition by the current owner, the painting underwent preliminary XRR, which revealed an underpainting depicting the portrait of a standing man. This work was overpainted with the Ecce Homo at a 180° angle. No further art historical information was available on the initial painting in regards to its subject, colour or pigment composition. The present study is part of a complex technical examination of the Ecce Homo painting, involving the analysis of the preparation layers, canvas treatment, pigments, binding media, varnish, conservation state and history of restorations.
Methods

X-ray radiography
The digital XRR was performed at the radiology department of the Mediterranean Hospital of Limassol. Images were obtained in transmission mode from a Cu X-ray tube operated at 30 kV, 500 µA. The acquisition time was set to 20 ms. The painting was positioned facing the digital detector (DX-D 40G, Agfa, 35 × 45 cm) with the distance between the X-ray source and the detector of 1.2 m. Fifteen (15) images were taken in total, in order to cover the roughly 1 m 2 of the canvas and its wooden frame. These were first processed with an X-ray medical imaging software (eFilm Workstation) and then exported into an 
Digital microscopy
The surface of the upper painting was photographed with a Hirox KH-8700 digital microscope at various magnifications (35×−2500×) according to the target, using the dual illumination revolver zoom lenses. This test allowed to check the presence of underlying layers, their color as well as to study the pigment particles.
XRF
XRF conditions
The XRF spectra were recorded with an ARTAX-200 μ-XRF spectrometer (Bruker), equipped with a molybdenum X-ray tube, an integrated CCD camera with sample illumination and laser spot, a silicon drift detector with a resolution of <150 eV and a 0.65 mm collimator. The X-ray tube was operated at 50 kV and 700 μA with an integration time of 90 s. Prior to the current study, the effect of helium atmosphere on the detection of low-Z elements was carried out by measuring various spots of the painting with and without helium flush. The spectra did not demonstrate any difference in the intensity of the low-Z elements, presumably due to the thick layer of varnish on the surface of Ecce Homo, which significantly attenuated the signal of light elements. Therefore, all XRF measurements were carried out in air atmosphere with a molybdenum filter. The energy to channel calibration was performed with a bronze standard, using the Cuand Sn-Kα lines; the Mn-Kα line of a manganese standard was used for the FWHM calibration. The obtained XRF spectra demonstrated variable intensities of Pb Lα, Cu Kα, Hg Lα, Mn Kα and Fe Kα lines. The net areas of these lines were evaluated to study distributions of lead, copper, mercury, manganese and iron across the painting surface. The spectra acquisition and evaluation were performed with the Spectra 5.3 software.
Selection of analyzed spots
The XRF spectra were recorded in two ways: either directly from the exposed pictorial layers of underlying portrait in places, where the cracks and flaked areas of Ecce Homo were sufficiently big, or from the Ecce Homo surface. In the first case, XRF spectra reflected the information on elemental composition of only the lower painting excluding the necessity to isolate the signal from the upper painting. In the second case, the underlying portrait was not directly accessible and the XRF spectra acquired contained contributions of both the upper and the lower paintings. In order to facilitate the isolation of the signal coming from the lower painting, spots with presumably different colour (based on XRR and microscopy observations) and pigment composition between the upper and the lower paintings were analyzed. To achieve this step of the process, the visible image was compared with the XRR image in every spot analyzed. For example, the area of man's left cuff executed with a white (based on microscopy observations) pigment corresponds to a dark brown background of Ecce Homo, which allows to suggest the presence of different pigments in the upper and the lower paintings. Additionally, we predominantly chose areas of the lower painting, which correspond to homogeneous areas of Ecce Homo. This allowed to assume the equal contribution of the upper painting signal in the resulting XRF spectra within the area of interest. For example, spectra from all spots in the area of man's left hand (lower painting) have equal contribution from the corresponding homogeneous area of Ecce Homo. Thus, the difference in spectra from spots within this area reflects the difference in the pigment composition of the lower painting.
Results and discussions
Pictorial composition
X-ray radiography (Fig. 1b, c) revealed the presence of an underlying portrait of a standing man executed at a 180° angle in comparison to the visible Ecce Homo composition. The man is slightly turning his head to the right facing the viewer. His facial characteristics are clearly defined. He is a middle-age adult man with wrinkles and bags under his eyes. He has a broad and straight nose, broad forehead and piercing eyes directly engaging the viewer. He appears to have short hair and a short moustache can be tentatively identified. His tight lips and posture add to an overall firm expression. The man is wearing a vest or jacket resembling a doublet (a jacket type worn from the late medieval period through the 17th century in Europe). A broad collar and cuffs appear over the neck of the jacket and the ends of the sleeves, respectively. A textured belt with a semi-circular buckle is depicted around the figure's waist. The sitter appears to be wearing pants or some form of breeches made of a garment decorated with floral patterns. The man is depicted in front of a desk; his left hand extended touching what could be a document or a book. A ring is clearly depicted on his left index finger. With his right hand, he is holding a quill as if he is ready to sign or write on what is placed on the desk. An ink bottle with another quill is depicted at the edge of the desk. Behind the standing figure, evidence of heavy drapery, possibly curtains, suggests the setting of a richly furnished interior room which could be the depicted man's study considering the presence of the desk. Thin chains, seemingly decorated with beads or pearls, appear to support a lighting device hanging behind the left side of the man's head. Overall, the portrait depicts a middle age professional man, possibly a merchant, a banker or an account keeper of some sorts, posing in his study with the attributes of his status and occupation, book, ink, quill as well as his upper class attire, clearly represented.
The belt buckle and the slightly curved line of the drapery fold in the underpainting are recognizable on the upper painting by close visual examination suggesting a small thickness of the pictorial layer(s) of the Ecce Homo. Moreover, the applied microscopy analysis of the painting stratigraphy revealed no intermediate layer between the upper and the lower paintings suggesting that the Ecce Homo was painted directly on the underlying portrait.
Painting stratigraphy
Visual examination of the side edge of the painting revealed the presence of two canvases. A new canvas was likely added on the back of the original one for support. Microscopy observations confirmed that the original canvas was prepared with a white layer, which was identified by XRF analysis to be a calcium sulphate, anhydrous or gypsum. The low intensity Pb lines indicate admixtures of lead white in the preparation layer. As suggested by multiple microscopy observations, the male portrait was overpainted directly with the Ecce Homo composition with no evident intermediate layer between the two paintings.
1
Pigment analysis
Flesh tones
Based on the results of XRR, the flesh tones of the underlying portrait were expected to be found in the areas of man's face and hands. These parts of the hidden portrait correspond to the crossed arms of Christ and the dark brown background behind him on the Ecce Homo, respectively. Microscopy analysis of cracks and flaked paint in both areas allowed the observation of the flesh tones of the underlying portrait. Figure 2 shows microscopy images taken from the area of man's forehead (Fig. 2a) and his left hand (Fig. 2b, c) . The dark spots on both images are related to the damaged pictorial layer of the Ecce Homo: in Fig. 2a , it is the dark brown shade of Christ's left hand; in Fig. 2b, c , it is the dark brown background behind Christ. The light brown areas on the microscopy images represent the flesh tones of the underlying painting. The flaking of the Ecce Homo dark layer in these areas is not even, but follows the pattern of the canvas as demonstrated in Fig. 2b . Despite the presence of a thick ground, the canvas surface is not completely smooth. The dark layer of the Ecce Homo is missing on intersections of the canvas' threads which were more exposed to wear. In addition, the Ecce Homo layer in this area is thinner than in the area of Christ's crossed arms, where the paint was applied more thickly. This caused more extensive damage of the upper painting thus revealing larger areas of the underlying portrait. Both areas of the flesh tones were painted with a complex pigment mixture containing white, red, brown and green pigments. The white pigment has coarse rounded particles. Coarse to fine angular black particles can be distinguished in Fig. 2a . Admixtures of the red pigment can be observed by the bright red crystals of angular shape. Rare green crystals of coarse size can also be seen in Fig. 2c , revealing the presence of green pigment in the pigment mixture of the flesh tones.
X-ray fluorescence analysis revealed the presence of Pb attributed to lead white (2PbCO 3 ·Pb(OH) 2 ), whose coarse white particles were observed with microscopy. The attribution of Pb to red lead (Pb 3 O 4 ) was excluded by microscopy observations, which did not detect its typical red to orange aggregates of fine particles. Figure 7a shows variable intensity of the Pb Lα line depending on the analysed spot. Elevated counts can be seen on spots located within the contours of man's hand and face. A similar tendency can be observed for Hg Lα line (Fig. 7b) indicative of vermilion (HgS), whose angular red crystals were detected by microscopy. Umber is likely the brown pigment added to the mixture of lead white and vermilion to produce flesh tones. This is evidenced by slightly elevated Fe and Mn counts (Fig. 7c, d, respectively) . The qualitative analysis of XRF spectra suggests admixtures of a copper green pigment in the flesh tones, however, its precise nature (e.g. malachite, verdigris, resinate) can be identified using the methods of structural analysis such as XRD or FTIR on cross-sections.
Red areas
Close visual examination of the Ecce Homo painting surface as well as the microscopy observations of cracked and flaked spots have revealed large areas of red colour on the underlying portrait. With the naked eye, it is possible to clearly distinguish two long, slightly bent lines visible on the Ecce Homo (Fig. 1a) : one passes across the columns in the background of the Ecce Homo and located above Pilate's left hand and a second passes across Pilate's dress, beginning from the very bottom edge of the Ecce Homo painting. These lines are attributed to the background drapery of the hidden portrait as they are not related to any compositional element of the Ecce Homo. In these areas, the pictorial layer of the upper painting has undergone significant damage allowing the compositional elements of the lower work to become visible on the upper one. Microscopy images taken from various locations of the background drapery (Fig. 3) show a red pigment underlying the Ecce Homo. These images demonstrate that depending on the analysed spot, the red pigment of drapery has various colour tones: opaque red-brown pigment with fine particles can be seen in Fig. 3a, b ; the same pigment with admixtures of yellow, shiny, angular crystals in Fig. 3b ; transition of red to white in Fig. 3c highlighting the illuminated drapery folds.
Iron oxide is the main component of the red pigment used for the background drapery. It is evidenced by elevated Fe counts on spots within the contours of drapery (Fig. 7c) . Generally, XRF analysis permits the distinction between pure iron oxide (hematite) and red ochre by the detection of Si, Al, Ti and Mn lines in XRF spectra of the latter. However, in the case of the hidden painting, the detection of low-Z elements was not possible because of the attenuation of the signal by the upper painting and the varnish layer(s). As for Mn, its omnipresence in XRF spectra is likely due to the upper painting, which appears dark brown in the majority of the analysed spots. These limitations of XRF elemental analysis allow the identification of only general types of red pigments based on red iron oxide in the case of hidden paintings, whereas a more precise assignment as hematite or red ochre would be possible on the analysis of painting cross-sections. Depending on the analysed spot, the XRF spectra from the drapery spots are featured by low intensity Hg and As lines, suggesting admixtures of vermilion and orpiment, respectively. The identification of orpiment is also supported by the detection of shiny yellow crystals on the highlighted drapery folds by digital microscopy. Along with orpiment, lead white was likely used for the highlighted drapery folds and the light shade of the diagonal line visible to the right from man's figure.
The red colour was also detected in the area below the neck of the male figure of the hidden portrait. Microscopy analysis of cracks in the area of the tissue held by Christ revealed an underlying bright red layer (Fig. 4) occupying the area under man's neck and expanding to a few cm below. The red pigment in this area represents a mixture of bright, dark red crystals of angular shape and red-orange opaque particles of fine size. Thorough examination of the XRR image in this area does not permit the detection of any compositional elements belonging to the underlying portrait. Thus, the presence of a red element on the man's dress, possibly a garment such as a scarf, tied around his neck could only be confirmed by microscopy. Figure 5a shows two XRF spectra taken from the area of the red garment (spot 29) and from outside the red garment (spot 20). The upper painting has equal contribution in both spectra as both spots analysed lie within the same homogeneous area of Christ's hand (Fig. 1a) . Thus, the detection of Hg indicative of vermilion in the spot 29 is attributed to the red garment of the hidden portrait. Analysis of other spots within this area confirmed the presence of vermilion as evidenced by the elevated Hg counts (Fig. 7b) . The red-orange component observed with microscopy could be red iron oxide or red lead. However, these assumptions cannot be confirmed with XRF analysis. The spectra do not show any difference in the Fe line intensity between spots 20 and 29. As for Pb line, there is a strong interference from lead white in the flesh tones of the upper painting.
White areas
The bright areas on the X-radiography image indicate the presence of X-ray opaque pigments. Close microscopy observations of cracks in these areas revealed a white pigment underlying the Ecce Homo. The small thickness of the Ecce Homo pictorial layers facilitated the detection of the majority of the white details of the underlying portrait by visual examination and microscopy observations of the Ecce Homo surface. These include three thick white lines corresponding to the highlights of what was identified as a ring on the man's index finger, the white brush strokes corresponding to the edge of the desk in the lower right corner of the portrait, the white round painterly details, which were suggested to be the representation of beads or knots behind the man's figure, a fragment of the belt buckle, the edge of the book in the right lower corner of the underlying portrait and the side of the same book, the tip of the quill, held by the right hand of the man, the collar and the the cuffs of the represented figure. Figure 5b shows XRF spectra taken from the area of the man's right cuff (spot 5) and from outside the cuff (spot 6). The contribution of the upper painting to both spectra is expected to be the same, since it corresponds to a homogeneous dark background on the left from Christ's figure (Fig. 1a) . Thus, the much higher intensity of Pb lines in the spectrum of spot 5 compared to spot 6 suggests the use of lead white for the right cuff. Point XRF analysis of Pb line on other white areas of the hidden portrait (Fig. 7a) confirms the use of lead white.
Dark areas
Microscopy analysis revealed a dark colour on the man's dress. Specifically, a dark layer under the Ecce Homo was noticed on all spots corresponding to the area of man's dress. The microscopy images in Fig. 6a show the flesh tones of Christ's skin of the Ecce Homo and the dark colour of the dress of the male figure visible through cracks. The contours of the dress are also detectable with the naked eye in some areas of the Ecce Homo, where its pictorial layer is thin. The microscopy image in Fig. 6b taken from the area of Pilate's dress shows a distinct border in the lower paint layer: the dark right side of the image corresponds to the sleeve of the dark dress and the light left side is the background drapery of the underlying portrait. The upper greenish brown layer corresponds to the colour of Pilate's dress on the same spot of the Ecce Homo. The entire area of the figure's dress appears to be dark on the XRR image allowing the exclusion of X-ray opaque pigments. The low Fe and Mn counts (Fig. 7c, d ) also exclude umber. XRF spectra taken from multiple spots inside and outside the area of dress do not demonstrate any difference in the elemental composition suggesting carbon black. Based on microscopy results, we can exclude the presence of flame black, since the black pigment has coarse and angular particles indicating char or coke. The presence of ivory black is also excluded due to the absence of P lines in the XRF spectra.
The desk represented in the lower right corner of the hidden portrait has grey colour with a green hue recognizable from microscopy images (Fig. 6c) . The pigments used for the desk have very fine particles complicating the distinction of the components of the pigment mixture with microscopy. Figure 5c shows XRF spectra taken from the area of the desk (spot 128) and from outside this area (spot 131). The intense Cu lines in spot 128 suggest the presence of a copper green pigment explaining the greenish hue observed with microscopy. The area of the desk is the only studied area of the hidden portrait that exhibits elevated Cu counts (Fig. 7e) . The green pigment can be identified by destructive methods on painting cross-sections. Based on the results of the non-invasive analysis and previous analyses of Titian's works [20] [21] [22] , one may suggest copper resinate, verdigris and malachite as possible candidates for the green pigment, whose nature can be identified using the methods of structural analysis.
Conclusions
The case study analysed is a male portrait overpainted with an Ecce Homo attributed to Titian's studio. The results of its study demonstrate the potential as well as the limitations of an integrated use of XRR, micro-XRF and digital microscopy to the study of hidden paintings. In particular, the study exemplified the potential of applying digital microscopy to the study of painting's stratigraphy, also as an alternative tool to destructive analysis on cross-sections. The study also demonstrates the possibility to perform the preliminary pigment identification of hidden pictorial layers with micro-XRF analysis without an XRF scanner. The outcome of this study is of particular interest for conservation laboratories and art characterization groups with limited scientific infrastructure and focusing on non-invasive and non-destructive methods of diagnostics.
The painting's stratigraphy was studied with microscopy observations of sub-surface layers through cracks and damages in the upper pictorial layer, revealing a complex stratigraphy. From the lowermost to the uppermost layer: newer canvas, original canvas, ground layer (calcium sulphate), male portrait, Ecce Homo, varnish. Results have indicated that the Ecce Homo was painted directly on the underlying portrait without an intermediate preparatory layer between the lower (earlier) and the upper (later) compositions.
The composition of the hidden portrait was thoroughly examined by XRR. This process permitted the definition of its compositional elements and consequently of the areas requiring further pigment analysis by micro-XRF. Microscopy analysis has allowed the mapping of the colour scheme, whereas the preliminary pigment identification (Table 1) was carried out by micro-XRF.
The results of this study have shed light on key aspects of the artists' painting technique as reflected in the close 'stratigraphic' relation of the two paintings. Preliminary observations suggest that the existence of the almost completed portrait on the canvas affected the execution of the Ecce Homo composition. Details of the underlying work seem to have influenced what was painted over it. An instructive example of the relation between underpainting and overpainting can be observed in the Ecce Homo painting area of the tied hands of Christ, which was painted over the face of the underlying composition. Future art historical analysis of the work will provide a better and more detailed understanding of the relation of the two paintings. A particularly interesting aspect of this relation will be the study of the ways the pigment scheme of the underlying portrait was used or simply influenced the colouring synthesis of the Ecce Homo. From an art historical point of view, the systematic comparison of the painterly composition and colouring schemes of the two paintings promises exciting results related to the history, dating, technique and attribution of the works. As mentioned above, the elemental analysis of the two paintings has provided results showing that the pigments used are compatible with those used by artists in the period of Titian's artistic activity in the 16th century. In addition, the further study of the work 
